Abstract The biodiversity and distribution of arbuscular mycorrhizal fungi (AMF) in different ecosystems and plant communities in China has received increasing interest over the past decades. This has led to a steady increase in the number of scientific papers published on this topic. Studies have surveyed AMF-colonizing rhizospheres of most families of angiosperms, bryophytes, pteridophytes, and gymnosperms. China has about 30,000 plant species (one eighth of the plant species worldwide). A total of 104 AMF species within nine genera, including 12 new species, have been reported in environments such as croplands, grasslands, forests, and numerous disturbed environments. In this paper, we review data published over the past 20 years on AMF community composition and species distribution, the mycorrhizal status of plants, AMF spore communities in different habitats, and germplasm collections in China. Possible future trends in the study of the biodiversity of AMF are also briefly discussed. In particular, the aim of our review is to make some of the recent work published in the Chinese literature accessible to a wider international audience.
Introduction
Arbuscular mycorrhizal fungi (AMF) are ubiquitously associated with the large majority of plant families in different ecosystems across the world ranging from the tropics (Janos 1980; Zhao et al. 2001b) or arctic-alpine habitats (Haselwandter and Read 1980; Haselwandter 1987) to mesic (Rickerl et al. 1994; Ingham and Wilson 1999; Muthukumar and Udaiyan 2000) and arid habitats (Barrow et al. 1997; Stutz et al. 2000; O'Connor et al. 2002) . China embraces a large diversity of climatic conditions and soil types, resulting in a wide range of ecosystems and vegetation structure. The examination of AMF began in China in the 1970s (Tang 1977) . Early research focused entirely on the mycorrhizal status of plants, mostly on the degree of root colonization and spore counts in the field. The taxonomy of AMF was studied in the mid-1980s and several manuals for the identification of AMF were published in Chinese (Tang and Zang 1984; Zhang and Wang 1991a) . This work led to an increase in the identification of AMF in surveys within China. The number of researchers investigating these fungi also increased. Over the past 10 years, studies have resulted in more than 100 papers on taxonomy and diversity, most of which were performed by observation of spores of AMF.
From north to south, the People's Republic of China covers the equatorial belt, the tropics, the subtropics, a moderate temperate zone and a cold temperate zone, and from east to west, the lands comprise forests, grasslands, deserts, plains, hills, and mountains. In terms of moisture, the country can be sectored from southeast to northwest into humid (32% of land area), semihumid (15%), semiarid (22%), and arid zones (31%). Climates are dominated by dry seasons and wet monsoons, and differ from region to region because of the country's extensive and complex topography. According to the climate and terrain, the mainland of China is traditionally divided into six geographical zones (Fig. 1) . To the south of the Nanling Mountains, rains are prolific and temperatures are high all year round. The Yangtze and Huaihe river valleys in central south China have four distinctive seasons. In northeast China, summer is short but with much sunshine, while winter is long and cold. Precipitation is limited in northwest China. In southwest China at low latitudes, the land is highly elevated and has characteristically vertical seasonal zones.
Due to the influences of hydrothermal conditions and geomorphology, Chinese soil distribution shows zonality in latitude and longitude. In east China, for instance, the soils vary between south and north from latosols through lateritic red earths, red earths, yellow-brown earths, and brown earths to dark brown earths, while from the coast to the interior (east to west), soils also show regular variation with decreasing humidity. For example, in the Temperate Zone, the soils vary from dark brown earths, black soils, chernozems, castenoziems, brown pedocals, and gray to brown desert soils. Agricultural soils are mostly concentrated on the eastern plains, the Loess Plateau, the Sichuan Basin, and large areas of the southeastern part of the country where the greatest population densities and the longest history of cultivation are.
This review aims to summarize the information that is presently available on plant mycorrhizal status, AMF species richness and germplasm collections, and AMF community diversity in different habitats and vegetation types within China.
Mycorrhizal status of plants
Trappe (1987) indicates that while arbuscular mycorrhiza (AM) have been recorded in all angiosperm orders examined, information is available for only about 3% of known plant species. About 30,000 plant species (one eighth of the world total) are present in China, which is almost twice the number found in the United States and Canada combined. This number includes about 8,000 species of medicinal and economically important plants and about 7,500 species of trees and shrubs. Chinese researchers have extensively examined the mycorrhizal status of plant species in terrestrial ecosystems, studying nearly 800 plant species belonging to 150 families.
Early work in China focused mainly on the mycorrhizal status of cultivated plants. Some 120 agricultural plant species, including grain, oil, and economic crops and horticultural and Chinese medicinal plants, have been found to form associations with AMF (Table 1 ). In addition, wild plants inhabiting a range of environments, such as heathland, mountain areas, grasslands, woodlands, and tropical forests, were also surveyed (Gong et al. 1997; Gai et al. 2000a; Zhao 2000; Chen et al. 2001; Zhao et al. 2001b Zhao et al. , 2003 Wang and Liu 2002; Muthukumar et al. 2003; Bao and Yan 2004; Ding et al. 2004) . Mycorrhizal incidence among wild herbaceous plants is consistently high, with over 90% of the species examined (about 300) exhibiting AMF colonization, and AM associations also occur in trees and shrubs of certain climatic zones. Gong et al. (1997) concluded that members of 48 plant families, out of a total of 78, form AM associations. Other surveys have focused on subtropical and tropical vegetation (Wu et al. 2001; Zhao et al. 2001a,b; Zhang et al. 2003a ). The incidence of AM tends to be higher in subtropical and tropical tree species compared with those in temperate zones. A survey in the subtropical Yunnan province showed that about 80% of tree species form AM associations (Muthukumar et al. 2003) . Even the Dipterocarpaceae, typically considered to be ectomycorrhizal (Smith and Read 1997) , exhibit AMF colonization in China (Shi et al. 2003a,b) . Pteridophytes are of ancient origin and some members are assumed to be AM (Gemma et al. 1992) . In subtropical China, AMF structures have been observed in 31 (91%) out of 34 pteridophyte species in Dujiangyan (Zhang et al. 2004a) , which is very different from the results of Zhao (2000) , who reported very low occurrence (17%) of AMF amongst 256 pteridophyte species in a tropical region of Yunnan, southwest China.
Some plant families are still assumed to never or rarely form mycorrhizal associations (Newman and Reddell 1987; Tester et al. 1987) , such as members of the Cyperaceae, Brassicaceae, Caryophyllaceae, Juncaceae, and Amaranthaceae (Smith and Read 1997) . The AM status of Cyperaceae was found to vary in different habitats of China. Muthukumar et al. (2003) found no mycorrhizal structures in three sedge species in the Yunnan province. In contrast, most of 22 ecotypes examined in nine sedge species from Tibetan grasslands were mycorrhizal (Gai et al. 2005) . Muthukumar et al. (2004) reviewed current information on mycorrhizal associations in sedges, and concluded that mycorrhiza formation is greatly influenced by environmental conditions. The mycorrhizal status of some Amaranthaceae species was also studied by Chen et al. (2001) in agricultural parts of the red soil area, by Bao and Yan (2004) in the grasslands of midwestern Inner Mongolia, and by Yang et al. (2002) in the Xishuangbanna Tropical Botanical Garden in south China. Three out of eight species were found to form AM. However, all members of the Brassicaceae, Caryophyllaceae, or Juncaceae examined to date in China are nonmycorrhizal (Gai et al. 2000a; Chen et al. 2001; Bao and Yan 2004) . Distinctive morphotypes of AM have also been reported in different plant species. Bao and Yan (2004) studied mycorrhiza in 125 plant species in the central and western grasslands of Inner Mongolia; out of 104 plant species investigated, 83% formed AM associations and most were of the Arum type (65%).
Spore communities in different habitats
Discrimination between AMF species and the measurement of their richness, abundance, and distribution in natural habitats is central to understanding community structure and dynamics, ecological assembly rules, and biogeographical patterns. Much of the influential work has focused on comparative geographical studies and on patterns of nonrandom (deterministic) community assem- 
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bly by a small number of fungal species that could be identified.
Species richness and community diversity across China
A prerequisite to any study of population structure and diversity is the clarification of the species concept for AMF (Dodd et al. 1996) . Based on the lack of sexual reproduction in AMF, it has been suggested that applying the species concept could be difficult and that it would be more appropriate to base the description of biodiversity on genetic diversity (Sanders et al. 1996) . However, even for interpretation of the most recent molecular ecological studies, genetic variation within one population and among different isolates of one species can be quite high (Antoniolli et al. 2000; Clapp et al. 2001; Redecker et al. 2003) . Morphospecies are units of classical taxonomy and units of experimental manipulation when linking organismal and molecular scales. About 200 AMF species have so far been discovered worldwide. Despite this low taxonomic diversity for such a widespread group of organisms (Allen et al. 2003) , each species may contain considerable genetic diversity. Analysis of local populations adapted to various conditions is therefore essential. A total of 104 AMF species within nine genera have been reported in the rhizosphere of different plant species in various habitats in China since the 1980s and 12 new species were discovered in these surveys ( Table 2 ). Occurrence of AMF genera varies in abundance and frequency across China. Glomus species are widely distributed in various habitats and dominate communities in the cold or temperate parts of the north and west, as well as in the tropical and subtropical vegetation in the south and east, of the country. The frequency of occurrence and abundance of sporulation by Glomus species are much higher than in other genera. Acaulospora is the second most dominant genus in China, ranking after Glomus in the north and west and similar to Glomus in the south and east. Gigaspora and Scutellospora species are found mostly in the coastal sand dunes and islands, and have been reported from southern and eastern areas that are near the sea (Wang et al. 2004a ). These genera also dominate in the Shandong Peninsula, especially in association with wild plants and in woodlands (Gai et al. 2000a; Wang et al. 2003 Wang et al. , 2004a . Other genera seem to be less common in China, with only a few examples of species, such as Paraglomus occultum and Entrophospora infrequens, reported Gai et al. 2000a) .
Frequency of occurrence also varies at the species level. Glomus mosseae has been found at almost all sites investigated (90%), associating with a variety of crop and wild plant species in both natural and disturbed soils. Glomus mosseae is a dominant species in habitats of northern China, but is found at lower frequencies in habitats of southern China (Table 3) . Acaulospora species dominate in the latter habitats. The frequency of G. mosseae was found to decrease from north to south along the southern and eastern coasts (Zhang et al. 1999) . Species richness showed an increasing trend from north to south (Table 3) .
Species diversity in natural and disturbed habitats has been compared in several studies (Wang et al. 2003; Zhang et al. 2004b) . Results vary with ecological features and histories of the habitats investigated. Wang et al. (2003) compared richness, distribution, and sporulation abundance of AMF species in island forests, saline soils, coal mine spoil heaps, and degraded grasslands. Species richness in natural island forests was much greater than in any of the three disturbed habitats. Glomus species were dominant at all sampling sites, but the frequency and relative sporulation by Acaulospora species were higher at coal mine spoil sites. Gigaspora species sporulated more abundantly than Acaulospora species in island forest areas. Zhang et al. (2004b) Wu et al. 1995b Taiwan / bamboo in highlands Paraglomus Paraglomus occultum (Walker) Morton & Redecker Peng et al. 1990 CS, N, NE / farmland Scutellospora Scutellospora aurigloba (Hall) Walker & Sanders Peng et al. 1990 CS/ farmland Scutellospora calospora Walker & Sanders Hu 1988 Taiwan/ fir and Taiwania fir Scutellospora coralloidea Walker & Sanders Pan et al. 1997b NW/ wild plants in the Loess Plateau Scutellospora erythropa (Nicol.& Gerd.) walker & Sanders Pan et al. 1997b NW/ wild plant in the Loess Plateau Scutellospora fulgida Koske & Walker Wang et al. 1998a ,b SW/ casuarina at seaside in deforested (Mantoushan) and natural forest (Banruosi) areas in the subtropical region of Dujiangyan, southwest China. They found that Acaulospora and Glomus were the dominant genera in both regions. The Shannon-Weiner index of AM fungal diversity was higher in the natural forest (2.67) than in the deforested area (2.15). The annual herbaceous plants were assumed to play a major role in maintaining and increasing sporulation and species richness in the deforested area.
Comparisons between different geographical regions
Habitat type is an important factor influencing AMF communities (Stutz et al. 2000) . Not surprisingly, AMF have been found in soils of all six geographical zones of China (Table 3) . Differences among the ecological zones in the diversity of genera and species are considerable. Unfortunately, there has been no study looking at one plant species across all the zones, and so, comparisons are virtually impossible because different vegetation types were selected in surveys, and soil and climatic conditions in some studies were not clear. However, the overall plant diversity of southeastern areas is much higher than that in the northwest, and it is tempting to suggest that a combination of climatic and plant influences may contribute to the greater diversity of AMF in southern and eastern areas compared with those of the north and west.
Influence of plant taxa
Numerous studies in China have focused on AM fungal communities and their interaction with plant species, especially the types and intensity of mycorrhizal associations in different vegetation types (Peng et al. 1990; Zhang et al. 2004a; Shi et al. 2003b) . Because agriculture plays a central role in most rural parts of China, many research groups have focused on field crops or on wild plants in cultivated areas. Gai et al. (2000a Gai et al. ( , 2004 surveyed the fungal diversity of field crops and wild plants in northern China and found that many more AMF species were associated with wild plants than with field crops. The abundance of sporulation showed the opposite trend. The dominant AMF species also changed. Species in Gigaspora and Scutellospora were much more frequently associated with wild plants than with field crops. Jansa et al. (2002) observed a similar pattern when comparing the diversity and structure of AMF communities as affected by tillage in a temperate soil. The species composition of AMF in the rhizosphere of pteridophytes, which are thought to have been the earliest examples of AM plants in evolution (Gemma et al. 1992) , was investigated in some subtropical and tropical areas in China (Zhao 1998; Zhang et al. 2004a ). The dominant fungal genera associated with these plant taxa were Acaulospora and Glomus at both Dujiangyan in central south China and Xishuangbanna in southwest China. However, AMF species richness and spore abundance differed with the pteridophyte species.
Effect of soil conditions
Soil properties appear to influence the distribution of AMF genera and species, at least based on sporulation patterns (Johnson et al. 1992; Bever et al. 2002) . It has been shown in numerous studies that pH is an important factor influencing AM fungal species composition in soils (see, for example, Wang 1985 Wang , 1993 . Soils are mostly acid in the south of China (pH 5-6), whereas they are calcareous in the north (pH 7-8). Glomus appears to dominate in alkaline and neutral soils, while Acaulospora sporulates more abundantly in acid soils Gai and Liu 2003) , a pattern that parallels the regional distribution patterns of these genera. Soil type and organic matter content are also likely to influence AMF community composition. In China, AMF communities have been reported to vary between different soil types with, for example, Acaulospora species being more frequent in latosols, lateritic red earths, or paddy soils, and Gigaspora and Scutellospora species being more common in brown soils or paddy soils (Gai and Liu 2003; Zhang et al. 1999 from the observations that, for example, the frequency of occurrence of G. mosseae decreased with increasing organic matter content, while Glomus sinuosum and Glomus taiwanense were found only when soil organic matter content was less than 1.5% (Zhang et al. 1999 ).
Specialist species in some habitats AM fungal community structure shows some correspondence with habitat type. For example, some of the most commonly detected species in arid and semiarid zones of north China, such as G. mosseae, Glomus intraradices, and Glomus etunicatum (Zhang et al. 1994; Gai et al., unpublished data) , are often also frequent in other arid or semiarid regions in the world (Bloss and Walker 1987; Stutz et al. 2000; Ferrol et al. 2004) . The proliferation of small-spore species in the arid or semiarid regions of northwest and northeast China (Gai et al. unpublished data; Li and Zhao, 2005) approximates to similar findings in southwestern North America and Namibia (Stutz et al. 2000) . Some AMF species are associated with unique habitats. For example, Pacispora scintillans was readily found in regions of high altitude such as Tibet and Xinjiang (Qiao et al. 2005; Gai et al., unpublished data) and was a dominant species in the grasslands of northern Tibet. Glomus formosanum was found to occur mainly in subtropical or tropical habitats, with no records from northern China so far (Wu and Chen 1987; Zhang et al. 1998b Zhang et al. , 2004a . The phenomenon that some AMF species may prefer particular environments may be ascribed to local ecological factors and to regional ecological history. It has been proposed that environmental conditions may select a suite of AMF species that are available for colonization (Klironomos et al. 2001; Stutz et al. 2000) , resulting in genetic diversity being limited to a particular species or genera in habitats with similar environmental conditions.
AMF germplasm collections
Efforts to develop germplasm collections of AMF in China have intensified in recent years. The Chinese Bank of Glomeromycota at the Beijing Academy of Agricultural and Forestry Science is the largest germplasm bank on the mainland, in which 56 isolates corresponding to 11 species from China are stored. Some of Chinese isolates have been registered in international banks: 50 are registered in the International Bank for the Glomeromycota (IBG) (http:// www.kent.ac.uk/bio/beg/), and five in the International Culture Collection of Arbuscular and Vesicular-Arbuscular Mycorrhizal Fungi (http://www.invam.caf.wvu.edu/). A Chinese Arbuscular Mycorrhizal Fungal database link with the IBG has also been set up (http://www.acad.polyu.edu. hk/~bccamf/) within the framework of a European project (http://www.dijon.inra.fr/mychintec/). In addition, collections of AMF germplasm continue to be maintained by various mycorrhizal research groups, for example, at the National Dong Hwa University in Taiwan, China Agricultural University in Beijing, and Huazhong Agricultural University in Wuhan.
Future challenges
Much research has been devoted to identifying mycorrhizal associations in diverse plant communities, characterizing fungal communities, and understanding the distribution patterns of AMF in different habitats in China. However, the mycorrhizal status and pattern of fungal diversity in some plant taxa and habitats remain poorly understood. Large-scale surveys across different ecological zones, including studies of AMF associated with single plant species, should be conducted with standard methods to allow broad comparisons and to address questions about biogeography on a continental scale. Chinese researchers envisage such pioneering studies in the near future.
The taxonomy of the Glomeromycota is presently in considerable flux, with conflicting morphological and molecular data sets, and the phylum for AMF has recently been revised several times (Morton and Redecker 2001; Schüßler et al. 2001; Walker and Schüßler 2004) . Phylogenetic analysis for classification must be resolved using additional criteria that extend beyond morphology and ribosomal encoding genes. It is therefore important and urgent for Chinese scientists to also utilize and expand on new molecular tools to explore both classification and distribution of AMF species within roots and in soils.
